ABSTRACT This paper proposes a novel planar dual-band coupled-line balun with impedance transformation and high isolation. Closed-form design equations are obtained based on the classical even-odd mode equivalent approach. For convenience of designing and synthesizing such a novel dual-band balun, the practical ranges of the frequency ratio, terminated impedances, and two free variables are provided under the conventional microstrip fabrication constraints. By adopting four coupled-line sections, six transmission-line stubs, and an isolation resistor, a microstrip prototype balun working at 1.0/2.6 GHz is designed, fabricated, and measured. There is a good agreement between the simulated and measured results. The wide bandwidths of 290 MHz from 0.83 to 1.12 GHz and 270 MHz from 2.44 to 2.71 GHz are obtained with the measured return losses (|S 11 |, |S 22 |, |S 33 |) and the isolation (|S 23 |) better than 10 dB, which effectively confirm the proposed theoretical predictions.
I. INTRODUCTION
The essential feature of a typical balun is that it can transfer the unbalanced single-ended signal to a balanced differential one, or vice versa. To achieve noise or high-order harmonic reduction and the dynamic-range improvement in balanced circuits and systems, baluns are necessary components with equal magnitude and out of phase [1] , [2] . In addition, baluns are widely used or inserted in common components such as mixers [3] , amplifiers [4] - [6] , frequency multipliers [7] , measurements [8] , and feeding circuit networks of antennas [9] , [10] . Several circuit configurations including lumpeddistributed elements can be used to construct various baluns. Owing to easy implementation with inexpensive printed circuit board (PCB) processes and integration with other planar circuits or systems, single-layer planar baluns become more popular than other types of baluns. In general, singlelayer planar baluns mainly include Marchand baluns [11] , branch-line baluns [12] , and Wilkinson power-divider-based baluns [13] .
A large number of researches have been done for improving the electrical and physical performances of singlelayer planar baluns. For example, a single-layer Marchand balun is modified by using tight-coupling coupled lines [11] . The corresponding circuit size will become large while the required isolation structure is neglected. The size reduction and bandwidth enhancement can be implemented in branch-line baluns by meandering branches and attaching a short-circuited stub [12] , however it is obvious that both isolation and output matching are not considered. Metamaterial lines are applied in Wilkinson power-divider-based baluns to obtain large bandwidth [13] . The main disadvantage of this method is using low-frequency lumped elements. Generally speaking, conventional Marchand baluns [11] increase the fabrication difficulty of single-layer circuits while both branch-line baluns and Wilkinson power-divider-based ones [13] still suffer some disadvantages such as unacceptable size and high insertion loss.
The dual-band and multi-band microwave components can not only increase the design flexibility of radio-frequency front ends but also reduce the size and cost of total systems. Multi-band microwave components have inherent concurrent-operation feature compared with tunable ones. As a result, multi-band operations of radio-frequency front ends can effectively satisfy the requirements of dynamic spectrum access, concurrent multi-standard spectrum access [14] , and cognitive radars [15] . It is therefore of considerable interest to develop single-layer dual-band planar baluns. Although a dual-band balun is developed by using partially coupled stepped-impedance coupled-line resonators in [16] , multi-layer circuit configuration is required and the isolation between two output ports is not perfect. The tapped stubs and stepped-impedance structures are chosen to construct a single-layer dual-band impedance-transforming branchline balun in [17] . However, the isolation and output-port matching are unsatisfactory. Similar isolation and outputport matching problems also exist in recently published single-band [18] and dual-band [19] baluns. Note that the coupled-line structures are not inserted in both [17] and [19] , indicating relatively large circuit sizes.
In this wok, a novel single-layer dual-band coupled-line impedance-transforming planar balun with perfect three-port matching and high isolation between two output ports is proposed. The closed-form design theory, numerical examples, and measurements are provided for supporting our proposed idea. It can be found that this proposed balun has a number of attractive features, which are: 1) flexible dual-band application; 2) inherent impedance-transforming function; 3) perfect matching for all three ports and high isolation between two output ports; 4) single-layer coupled-line planar structure without any defected ground structures; and 5) analytical design approach for initial circuit design. 
II. CIRCUIT CONFIGURATION AND DESIGN THEORY OF THE PROPOSED DUAL-BAND BALUN
The circuit configuration of the proposed single-layer dualband coupled-line balun is illustrated in Fig.1 . As can be seen, this new balun is mainly composed of four coupledline sections, six transmission-line stubs and an isolation resistor. Utilizing four pairs of coupled lines, compact circuit structure and inherent impedance transformation are simultaneously achieved. Exploiting the transmission-line stub Z 7 , the dual-band shorted circuit is formed under the even-mode excitation. Using stubs Z 5 and Z 6 , which are symmetrically arranged on both sides of the symmetrical plane A-B at the center, the dual-band open circuits are generated under the odd-mode excitation. It is common knowledge that all-port matching can't be obtained in a lossless reciprocal three-port network. Hence, the resistive element R 0 in combination with the stub Z 8 is indispensable for realizing three-port matching and high isolation between two outputs. Without loss of generality, the source impedance at Port 1 is defined as R S , and the load impedances of two output ports (Ports 2 and 3) are R L . For the purpose of analytical simplicity, all coupled lines and transmission lines adopt the same electrical length θ (θ i(i=1,2,. ..8) = θ).
As this asymmetric three-port balun can be viewed as a symmetrical four-port network with one of its ports open, the traditional even-odd mode method and classical transmission-line theory are utilized for analysis. The essential conditions for a three-port network to behave as a balun are
which can be further derived as [20] S 21e = 0,
where the subscripts e and o represent the even and odd modes, respectively. Nevertheless, the conditions for a balun to realize all-port matching and high isolation are far more than Equation (2) when the following are considered,
Because of the symmetry of the proposed planar balun, the relationship S 33 = 0 is naturally established when S 22 = 0 and Equation (1) is satisfied [21] . That is to say, the available conditions for this new dual-band balun to perform ideal allport matching and high output isolation functionalities are as follows:
which can be further derived as
(5c) Under the even-mode excitation, an equivalent magnetic wall is formed along the symmetry plane A-B. Therefore, the impedances of transmission lines (Z 7 and Z 8 ) and the isolation resistance R 0 are doubled along the center line, while their electrical lengths remain the same, as shown in Fig. 2(a) .
The transmission-line network with the impedances 2Z 7 and Z e1 forms a dual-band shorted circuit to satisfy Equation (5a) when the impedance Z 7 is
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Based on the transmission-line theory, the reflection coefficient S 11e can be expressed as Consequently, the equivalent even-mode circuit is simplified into Fig. 2 (b) when Port 1 is shorted. To ease the analytical process, the transmission-line network with the impedances Z e2 and Z e3 adopts the form of open circuit when the impedance Z e3 is
The impedance-matching requirement at Port 2 to satisfy Equation (5b) yields
where
After substituting (10a)-(10c) into (9) and some algebraic operation, the impedance Z 8 and isolation resistance R 0 can be calculated by
Similarly, when the odd mode is excited, an electric wall along the symmetry plane A-B comes into being. As a result, the transmission lines (Z 7 and Z 8 ) and the isolation resistance (R 0 ) are shorted by the virtual ground, as shown in Fig. 3(a) . To ease the analytical process, the transmission-line network, which is comprised of a shorted stub with the impedance Z o1 (Z o4 ) and an open stub with the impedance Z 5 (Z 6 ) on the left (right) at Port 1 (2), becomes a dual-band open circuit when the following Equation (12) is satisfied,
Thus, the equivalent odd-mode circuit shown in Fig. 3 (a) can be evolved into the circuit in Fig. 3(b) , and the reflection coefficient S 11o can accordingly be described as
After combining (5c), (7) and (13), the following relationship can be achieved
The odd-mode characteristic impedances Z o2 and Z o3 can be obtained simultaneously by solving (14a)-(14c), (15) as shown at the top of this page.
It can be seen from the closed-form Equations (6, 8, 11, 12, and 15 ) that all the parameters are even functions about tanθ, which is the theoretical support of the flexible dual-band operation. Therefore, the simplest θ conditions for arbitrary dual-band applications can be derived as [21] 
III. ANALYSIS OF CIRCUIT ELECTRICAL PARAMETERS AND SCATTERING PARAMETERS
In this section, the source impedance R S is fixed as 50 and the impedance ratio between source and load is defined as r = R L /R S . Moreover, there are some supplementary specifications for the parameter determination. From (16) , the available range of the electrical length at f 1 can be deduced as
Due to coupled-line microstrip-implementation limitations, the common relation between the even-and odd-mode impedances satisfies the following inequality constraint Z oi < Z ei < 2Z oi (i = 1, 2, 3, and 4).
To simplify the parameter analysis process, the preferred relation in this paper is set as Z ei = 1.2Z oi (i = 1, 2, and 4).
According to the fabrication requirements, we assume that the characteristic impedances of microstrip lines are limited within the range of 20 to 130 . Without loss of generality, all the impedances and isolation resistance are normalized by R S , providing a new range of normalized impedance values varying from 0.4 to 2.6 for reference. To obtain the realization of wide available ranges, variations of free variables (Z o1 and Z 6 ) in normalized form are also adopted during the following analyses.
A. DISCUSSION OF THE FREQUENCY RATIO
During the whole discussion of the frequency ratio, the first frequency keeps constant and is equal to 1 GHz. The calculated design parameters of the proposed dual-band balun versus the frequency ratio when r = 50/50 is depicted in Fig. 4 . As can be seen, the available frequency ratio is in the range of 2.58 (case A 1 ) to 4.61 (case A 2 ), exhibiting the flexible dual-band function. Accordingly, all the parameters are sorted into three groups by the relationship with free variables, namely, Group I, Group II, and Group III. Group I, including Z e2 , Z e3 , Z o2 , and Z o3 , is irrelevant to free variables. Therefore, Z o3 continuously ascends as the frequency ratio increases in the entire effective scope between cases A 1 and A 2 , while the rest of Group I (Z e2 , Z o2 , and Z e3 ) descend straight. Z e1 , Z 5 , and Z 7 , sharing the common feature that they are all the functions of Z o1 , are classified as Group II. Owing to the linearity between the even-mode and odd-mode characteristic impedances, the change of Z e1 reveals the same trend as that of Z o1 . The curves of Z 5 and Z 7 are on the piecemeal decline when the frequency ratio rises due to the variation of Z o1 . In addition, all the parameters of Group III (Z e4 , Z o4 , Z 8 , and R 0 ) take on escalating trend piece by piece because of the ladder-shaped variation of Z 6 .
For verification, the corresponding scattering parameters at the frequency ratios of cases A 1 and A 2 are obtained from the ideal transmission-line model by the Advanced Design System (ADS) tool, which are plotted in Fig. 5 . It seems obviously that the insertion losses of case A 1 for this dualband balun (|S 21 | and |S 31 |) exhibit flatter response compared with the counterparts of case A 2 . In addition, the phase difference between two output ports of case A 1 maintains higher stability of 180 • than that of A 2 . It can be well concluded that the proposed dual-band balun functions preferably in relatively small frequency ratios.
Considering that the terminated impedance (R L ) may be different from the source one (R S ), the similar curves for The corresponding ranges of the feasible frequency ratio cover from 2.75 to 4.22 and 2.91 to 3.87, respectively. The relationship of R L = 2R S is apparently satisfied when r = 100/50. Based on this, Equation (15) is further evolved into the following formulas,
where the two variables become constant due to the only relation with port impedances. That is to say, the characteristic impedances of Z o2 and Z o3 are frequency-independent and free to the restriction of microstrip fabrication technology, which provides tremendous spatial implementation for the different frequency ratios. The feasibility of special cases B 1 , B 2 , C 1 , and C 2 is demonstrated in Fig. 7 . Synthesizing Fig.4 and Fig.6 , the available frequency-ratio ranges altering with different impedance ratios are summarized in Table 1 . When the impedance ratio (r) increases, the range of the realizable frequency ratio becomes narrow. Nevertheless, Figs. 4 and 6 feature similar boundary trend despite of the variation of the impedance ratio. All the left and right boundaries of the available frequency ratio versus different impedance ratios are constrained by the even-mode characteristic impedances of Z e3 and Z e4 , respectively.
B. DISCUSSION OF THE IMPEDANCE RATIO
Analogously, the available impedance ratio (r) under a certain frequency ratio (g) may also give valuable insight to the design guidance. Fig. 8 presents the transmission-line impedances and isolation resistance of the proposed dualband balun against the impedance ratio when the frequency ratio is fixed as 5.8/1.5. It can be observed that the available impedance ratio ranges from 0.28 to 1.96, of which the boundaries are severally constrained by the impedances of Z e3 and Z 8 . When r is smaller than 0.28 or larger than 1.96, the inequality constraints of Z e3 < 20 and Z 8 <20 are obtained through theoretical calculations. Thus, the space and width of the corresponding transmission or coupled lines are unrealizable and these lines cannot be implemented for practical considerations. The frequency responses of the proposed dual-band baluns for r = 0.28 (case D 1 ) and 1.96 (case D 2 ) are illustrated in Fig. 9 . Apparently, the performance of case D 2 is characterized with wider bandwidth than that of case D 1 , indicating that larger impedance ratios may contribute to superior performances for this new balun. 
C. DISCUSSION OF THE FREE VARIABLES
When the free variables of Z o1 and Z 6 are given, the available frequency ratio and impedance ratio can be plotted according to Sections A and B. As a consequence, how to select free variables appropriately is another critical issue to be considered. Take the case of r = 75/50 as an example, which has been displayed in Fig. 6(a) . Then select the frequency ratio (g) as 5.8/1.5 to assure it is located within the available range (2.75∼4.22) when r = 75/50. Figs. 10(a) and (b) investigate the available ranges of Z o1 and Z 6 when r = 75/50 and g = 5.8/1.5. As shown in Fig. 10(a) , the minimum normalized value of Z o1 is 1.18. The maximum normalized value of Z o1 is 2.17. Similarly, the normalized minimum and maximum values of Z 6 in Fig. 10(b) are 1.10 and 1 .23. The corresponding validity is definitely verified by the frequency responses of cases E 1 , E 2 , F 1 , and F 2 , which are depicted in Fig. 11 .
D. DESIGN GUIDANCE
For better elaborating the design theory of this new dualband balun, the design procedures shown in Fig. 12 can be summarized as follows:
1) Based on the practical criteria, the two operating frequencies (f 1 , f 2 ), the source and load impedances (R S , R L ), the free variables (Z o1 , Z 6 ), and the substrate with a dielectric constant of ε r and a thickness of h can be fixed. Furthermore, the frequency ratio (g) and impedance ratio (r) can be determined. 2) Analyze and plot the available ranges of Z o1 and Z 6 by referring to Fig. 10.  3 ) Check whether the desired Z o1 and Z 6 are within the available ranges. If yes, then proceed with the next step; if no, return to the beginning and reassign the parameters aforementioned in 1). 4) According to the design Equations (6, 8, 11, 12, and 15) analyzed in Section II, the electrical length (θ), the isolation resistance (R 0 ), and all the remaining impedances (Z o2,3,4 , Z e1,2,3,4 , and Z 5,7,8 ) can be precisely calculated. 5) Translate these electrical parameters into practical physical dimensions and design the PCB layout. Eventually, the full-wave simulation and measurement can be authentically conducted.
IV. SIMULATED AND MEASURED RESULTS
To verify the design concept of the proposed dual-band balun, a coupled-line microstrip prototype operating at 1.0/2.6 GHz is designed, fabricated and tested on a F4B substrate, of which the dielectric constant is 2.65 and the thickness is 1 mm. Due to the addition of two stubs Z 5 , back-feeding approach is taken for the convenience of measuring, and the corresponding photographs of the fabricated circuit are shown in Fig. 13 at 2.6 GHz, exhibiting the excellent out-of-phase operation as desired.
Moreover, the measured results are depicted in Fig. 16 . The measured two operating frequencies are found to be 1.0 GHz and 2.5 GHz. When the measured return losses |S 11 |, |S 22 | and |S 33 | and the isolation (|S 23 |) are better than −10 dB, the measured bandwidths are 290 MHz from 0.83 GHz to at the first band, and −3.5±1 dB from 2.46 GHz to 2.66 GHz at the second band. The measured bandwidths in the ±5 • phase-difference derivation are 280 MHz from 0.74 GHz to 1.02 GHz and 250 MHz from 2.35 GHz to 2.60 GHz. For clear presentation, the key simulated and measured results are tabulated in Table 2 . It is evident from Figs. 15 and 16 that the simulation and measurement are in good agreement. The subtle distinction could be due to the PCB fabrication uncertainties or measurement errors. In addition, the major features and advantages of this dual-band balun are listed in Table 3 compared with other reported ones.
V. CONCLUSIONS
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